Abstract Glyphosate (N-(phosphonomethyl)glycine) is a herbicide that is used to kill broadleaf weeds and grass, which was developed by the Monsanto company in the early 1970s. However, excessive usage of glyphosate in the agricultural field has led to soil accumulation of the pesticides causing various adverse effects. Due to the concern on its toxicity, an alternative way to ease its effect is through bioremediation, which exploits the ability of microorganisms to degrade harmful toxic substances into less toxic forms. Seven different microbial strains were isolated from glyphosate-contaminated sites in Malaysia. These strains were able to grow in a medium containing glyphosate as the sole phosphorus source. None of the strains were able to grow when glyphosate was introduced as a sole carbon source. Two microbial strains: AQ5-12 and AQ5-13, were found to be the best degraders among them as they were able to withstand up to 12 ml/L of the Roundup Ò glyphosate formulation and 200 ppm of analytical grade glyphosate. Based on 16s rRNA and biochemical tests, AQ5-12 was identified as Burkholderia vietnamiensis, whereas AQ5-13 was identified as Burkholderia sp. AQ5-12, with the latter possessing better degradation capability compared to AQ5-13 with utilisation of 91 and 74% of 50 ppm glyphosate, respectively. The best optimum degradation conditions were seen at the temperature of 30°C and a pH of 6 for both strains. Based on these results, both strains displayed their potential to be used in the bioremediation of glyphosate-contaminated environment.
Introduction
Glyphosate (isopropylamine salt of N-phosphono-methylglycine) is a broad-spectrum systemic herbicide used to kill weeds predominantly annual broadleaf weeds as well as grasses competing with commercial crops grown around the world (Coupe et al. 2012) . Although this low-cost herbicide is able to effectively kill weeds, its extensive use has been negatively linked to the human health due to its toxicity (Goldstein et al. 2002) .
It has been revealed that glyphosate is associated with various health problems such as cancer, chronic kidney diseases, hypothyroidism and birth defects (Jayasumana et al. 2014; Romano et al. 2012; Mesnage et al. 2012; Marc et al. 2004) . Generally, there are several treatment processes involved in the removal of herbicides such as photodegradation, oxidation (with chlorine, permanganate, air or ozone), filtration and flocculation, adsorption as well as membrane techniques (Wahid et al. 2006) . However, these processes are considered expensive since it is difficult to come up with a single method that can remove herbicides from water and wastewater (Mortensen 1986 ). Thus, biological treatments including bioremediation were proposed as they are much more economical compared to physicochemical remediation methods and much safer to the environment (Fazi et al. 2016; Khayat et al. 2016; Yaacob et al. 2016) . Additionally, they can also achieve complete degradation of organic pollutants (Karamba et al. 2016; Ahmad et al. 2014) .
The removal of glyphosate from the environment is commonly carried out using microbiological processes as chemical process of degradation is ineffective due to the presence of highly stable bonds (carbon-phosphorus bond) in the compound (Méndez-Vilas 2012) . Thus, several studies were initiated to obtain bacterial strains with degrading ability to be used in biological treatments (Bazot and Lebeau 2008) . It is well known that microorganisms including Pseudomonas sp. strain LBr (Jacob et al. 1988) , Pseudomonas fluorescens (Zboińska et al. 1992) , Achromobacter sp. strain Kg16 and Ochrobactrum anthropi strain GPK3 (Ermakova et al. 2010 ) are able to degrade glyphosate in soil and water. Nonetheless, Pseudomonas aeruginosa was reported with the ability to utilise glyphosate but it is pathogenic in nature (Lima et al. 2014) . There are two known pathways that allow bacteria to utilise glyphosate (Iranzo et al. 2001) . These bacteria are able to utilise glyphosate as a carbon source, leading to the production of aminomethylphosphonic acid (AMPA) via glyphosate dehydrogenase or as phosphorus source that produces glycine via C-P Lyases (Solomon et al. 2007 ).
The present work aims to compare the degradation potential of several bacteria from soil treated with glyphosate in agricultural land. Two glyphosate degrading bacteria were isolated from soils in Malaysia, which were identified as Burkholderia sp. and Burkholderia vietnamiensis. Both bacteria have the ability to withstand up to 12 ml/L of Roundup Ò formula and able to degrade up to 200 ppm of analytical grade glyphosate.
Materials and methods

Chemicals and media
The isopropylamine salt of glyphosate known as Roundup Ò (containing 350 g active ingredient/L of glyphosate, Monsanto) was purchased from a local store supplying agricultural products in Ipoh, Perak. Glyphosate PESTANAL Ò 99.5% analytical standard was purchased from Sigma, Aldrich USA. Meanwhile, other chemicals used in media were obtained from Fisher (Malaysia). For the isolation of bacteria using glyphosate as the sole source of carbon, mineral salt medium 1 (MSM1) was used. The composition of the medium in ml/L of distilled water, pH (7.0-7.2) was KH 2 PO 4 (1.5), NaCl (0.5), Na 2 HPO 4 (0.6), NH 4 SO 4 (2), MgSO 4 .7H 2 O (0.2), CaCl 2 (0.01) and FeSO 4 .7H 2 O (0.001) (Benslama and Boulahrouf 2013) . Whereas, mineral salt medium 2 (MSM2) was used for the isolation of bacteria using glyphosate as sole phosphorus source, with its composition in ml/L of distilled water, pH (7.0-7.2) consists of Tris buffer (1), glucose (5), NaCl (0.5), KCl (0.5) MgSO 4 Á7H 2 O (0.2), NH 4 SO 4 (2), CaCl 2 (0.01) and FeSO 4 Á7H 2 O (0.001). Both media were supplemented with 50 ppm glyphosate and were used to enrich and isolate glyphosate-degrading strains.
Experimental soil
Soil and water specimens were collected in May 2015 from four different states, namely Selangor, Kedah, Perlis and Pulau Pinang located in Malaysia. These samples were chosen due to their previous exposure to glyphosate-based herbicides. Since Kedah and Perlis were mostly developed for agriculture purpose, they are the prime locations for finding strains able to utilise glyphosate. Samples of 200 g were gathered from the first 15 cm depth, pooled and sieved. Table 1 shows the GPS location of the obtained samples. Samples were sterilised in plastic tubes at room temperature until further use.
Enrichment and isolation of glyphosatedegrading strains
About 5 g of each soil sample was added into 95 ml MSM1 in 250 ml conical flask with the addition of 0.5 ml/L of glyphosate (Roundup Ò ) and incubated in the dark at room temperature (27°C ± 2) under shaking conditions (150 rpm) for 7 days. A 5-ml volume of each suspension was transferred into a fresh MSM1 containing 1 ml/L of glyphosate(Roundup Ò ) and incubated for the following 7 days. Three more additional successive transfers into fresh MSM1 medium containing 3, 6 and 12 ml/L of glyphosate (Roundup Ò ) were carried out and incubated for 7 days. The same method was done for MSM2. Bacterial growth from an initial innocula od 10 6 CFU ml -1 was measured on the 5th day to detect either an increase or a decrease in CFU of the strains.
Identification of selected bacteria
Biochemical tests were done for determining the bacteria species based on differences in the biochemical activity of different bacteria as bacterial physiology differs from one species to the other. These tests are known as Gram staining, oxidase, catalase, Voges-Proskauer, nitrate production, citrate, indole production as well as urease and sugar test. Meanwhile, the 16S rRNA gene of the isolates was amplified using the PCR universal primer; 27F: 5 0 -AGA GTT TGA TCC TGG CTC AG-3 0 and 1492R: 5 0 -TAC GGT TAC CTT GTT ACG ACT T-3 0 , which corresponds to the forward and reverse primers of 16s rRNA. The thermal cycle comprised of an initial 4-min denaturation at 95°C for 1 cycle, followed by 30 cycles of 1 min denaturation at 95°C, primer hybridisation at 52°C for 1 min and elongation at 72°C for 1 min with 1 final cycle for 7 min extension step at 72°C. PCR reactions were examined by electrophoresing 5 lL of PCR product on a 1% agarose gel stained with ethidium bromide. The gel was visualised using Gel Doc 1000 (Bio-Rad, California, USA). Successful PCR products were then stored at -20°C.
Phylogenetic analysis
The 16S rRNA for each strain was identified using BLASTn. 20 multiple alignment of 16S rRNA sequence with 90% similarity was retrieved from Genbank. Phylogenetic tree was constructed using PHYLIP software v3.696 [J. Q. Felsenstein, PHYLIP-phylogeny inference package, version 3.696, (http://evolution.genetics.washington.edu/ phylip.html)]. ECCORD E. coli was used as an outgroup in the cladogram for both strains. The confidence levels of each branche were checked using 1000 Bootstraps with Kimura parameter using SEQBOOT program which included in the PHYLIP package (Felsenstein 1985) . The constructed tree was viewed using the TreeView v3.0 software.
Determination of glyphosate utilisation rate by spectrophotometric analysis of inorganic phosphate
The analysis of phosphorus in the form of inorganic phosphate (PO 4 3-) was carried out using a Shimadzu U.V. Mini 1240 spectrophotometer at 865 nm adopting the Fiske-Subbarow method (Fiske and Subbarow 1925) . Each sample containing glyphosate was initially oxidised (Glass 1981) . The pH of each sample was adjusted to ca. 5.0. Hydrogen peroxide was added at 30% to each of the 1.0 ml sample. After that, the samples were placed in an electric hot plate and boiled at a moderate rate to dry. Samples were cooled at room temperature. To each 20-30 mL of sample, 0.25 M of HCl was added to aid in resolving the residue. Each 5 ml of hydrogen peroxide-treated sample was transferred into a test tube, followed by the addition of 1.0 ml ammonium molybdate and 0.5 ml mixture consisting 1,2,4-aminonaphtholsulphonic acid, Na 2 SO 3 and NaHSO 3 . The mixture was thoroughly mixed and allowed to stand for 10 min. The absorbance of each solution in a 1000 cm 3 quartz cell was determined at 865 nm against blank. Each piece of the glassware was cleaned thoroughly by washing with phosphate-free detergent, followed by rinsing with dH 2 O and soaked for 24 h in 0.5 M hot HCl and rinsed again using dH 2 O for a complete removal of any phosphate residue. Each glassware was tested using the inorganic phosphate assay to make sure no phosphate residue contamination occur before running the colorimetric assay for glyphosate.
3 Results and discussion
Bacterial growth
In the present study, seven different bacterial strains were isolated based on morphology differences from various glyphosate-contaminated sites in Malaysia. These isolates were AQ5-7, AQ5-8, AQ5-9, AQ5-10, AQ5-11, AQ5-12 and AQ5-13 (Table 2) . These bacteria have shown their ability to grow on media containing glyphosate as a sole phosphorus source. No bacteria growth was observed when glyphosate is introduced as a carbon source. The bacterial growth at 3 mL of ROUNDUP Ò is shown in Fig. 1 . The seven strains were able to utilise the glyphosate present in ROUNDUP Ò formula while tolerating its toxicity in the presence of surfactant. The surfactant (polyethoxylated tallow amine) is known to be more toxic than the active ingredient itself (Moore et al. 2012) . Therefore, it is crucial to isolate strains that are able to withstand ROUNDUP Ò toxicity as it can influence bacterial degradation ability if applied in situ. Meanwhile, the increase in microbial growth was observed until the initial concentration of glyphosate was increased to 3 ml/L. The bacterial count of strain AQ5-12 in the media containing 3 ml/L of glyphosate had significantly increased by a value of 5.58 9 10 8 CFU/mL after a 120-h period, followed by strain AQ5-13 with the average count of 4.68 9 10 8 CFU/mL suggesting the extensive use of glyphosate. However, other isolates only showed low bacterial growth compared to both of them. No inhibition of growth was observed in strain AQ5-12 and AQ5-13 when the initial glyphosate concentration was further increased which indicates that the isolates can tolerate up to 12 ml/L glyphosate (Table 2) . However, an increase in glyphosate concentrations to 6, 9 and 12 ml/L exhibited less growth rate compared to that at a lower concentration. The increase in glyphosate concentrations provides more acidic medium that creates a more hostile environment for bacterial growth. High concentrations of glyphosate severely inhibited bacterial growth. Therefore, strain AQ5-12 and strain AQ5-13 were chosen for further study. The limited number of strains isolated from culture media with glyphosate as the phosphorus source is in correlation with that recorded by previous researchers (Liu et al. 1991; Balthazor and Hallas 1986) , which resulted in a significant reduction in microbial population when exposed to glyphosate in the culture media.
Identification of strain AQ5-12 and AQ5-13
Based on the Gram staining result recorded (Table 3) , both strains (AQ5-12 and AQ513) were identified as gramnegative strains. Strain AQ5-12 showed positive results for catalase test, nitrate production and citrate test, whereas isolate AQ5-13 showed positive results only for catalase test and nitrate production. Both strains were unable to utilise glycerol when introduced as a carbon source.
Phylogenetic analysis
The phylogenetic tree in Fig. 2a displays the results for 16s rRNA for AQ5-12. The 16S rRNA sequence of the isolate has demonstrated a 98.6% bootstrap value with the 16S rRNA gene of Burkholderia Vietnamiensis (GenBank Accession No. gb NR118872.1). The results from bootstrap analysis of 1212 bp 16S rRNA are consistent with the biochemical properties and morphological results (Table 2) . Therefore, the isolated strain AQ5-12 was identified as Burkholderia Vietnamiensis and deposited in the GenBank with the Accession No. KX792233.1. Meanwhile, phylogenetic analysis (Fig. 2b) of isolate AQ5-13 showed an identity with the genus Burkholderia, but it does not attach closely with any of the known species in the clade. Based on the bootstrap result, AQ5-13 shows sequence similarity with a value of 35.5% to Burkholderia cepacia, Burkholderia seminalis and Burkholderia metallica. Since the isolate was not attached with any known The most commonly isolated glyphosate-degrading bacteria are from the Pseudomonas spp. (Singh and Walker 2006) . Additionally, Singh and Walker (2006) stated that the most common Pseudomonas sp. isolated from glyphosate culture media are P. diminuta, P. stutzeri, P. putida, P. monteilli and P. mendocina. Beside these species, Geobacillus caldoxylosilyticus (Obojska et al. 2002) , Alcaligene sp. (Talbot et al. 1984) , Flavobacterium sp. (Balthazor and Hallas 1986) , Enterobacter cloacae (Kryuchkova et al. 2014) and Bacillus cereus (Fan et al. 2012) have been reported as glyphosate-degrading bacteria. On the other hand, Burkholderia species previously reported with the ability to degrade glyphosate includes Burkholderia caryophilli (Dotson et al. 1996) , Burkholderia pseudomallei (Norris et al. 2009 ) and Burkholderia multivorans (Li et al. 2013) . However, there is no report available on the isolation of Burkholderia vietnamiensis and Burkholderia sp. as the glyphosate utilising bacteria. Therefore, this finding adds to the known list of glyphosate-degrading bacteria that can be used in future studies.
Glyphosate utilisation pattern of different
concentrations by strain AQ5-12 and AQ5-13
The application of microorganisms for bioremediation requires a fundamental understanding on all physiological, microbiological, ecological, biochemical and molecular aspects involved in pollutant transformations (Iranzo et al. 2001) . The effect of various abiotic factors on bacterial growth was utilised to optimise the cultivation conditions affecting bacterial growth rate and glyphosate degradation. The growth kinetic of Burkholderia vietnamiensis and Burkholderia sp. was monitored using CFU/mL technique with MSM2 supplemented with glyphosate as a sole phosphorus source while varying the abiotic conditions of the environment.
The growth kinetic at various initial concentrations of glyphosate is shown in Fig. 3 . Strain AQ5-12 grew in the MSM2 medium containing glyphosate as its sole phosphorus source (Fig. 3a) . The growth of strain AQ5-12 in the media containing 50 ppm glyphosate was observed to be significantly increased after 12 h of incubation where it reaches a maximum of 2.7 9 10 8 CFU/mL at 24 h incubation period compared to other glyphosate concentration levels. At 36 h, the bacterial count dropped to 2.58 9 10 8 CFU/mL as it gets into the decline/death phase. An increase in glyphosate concentration was noticed to result in a decrease in cell density due to toxicity and glyphosate stress on both strains, which is in agreement with that reported by Kryuchkova et al. (2014) . This can be observed at the 24 h of incubation time, with 100 ppm of glyphosate reaching 2.53 9 10 8 CFU/mL, 150 ppm reaching 2.53 9 10 8 CFU/mL and 200 ppm reaching 2.5 9 10 8 CFU/mL. On the other hand, the highest growth rate recorded for strain AQ5-13 was at 50 ppm of glyphosate reaching 2.57 9 10 8 CFU/mL within 24 h (Fig. 3b ). This was followed by 100 ppm reaching 2.5 9 10 8 CFU/mL, 150 ppm reaching 2.49 9 10 8 CFU/mL, and 200 ppm reaching 2.47 9 10 8 CFU/mL at 24 h. The consequence of increased in glyphosate concentration has resulted in a more acidic medium allowing appropriate catabolic enzymes to be repressed. Similar results were also found when running different glyphosate concentrations on Acetobacter sp. and P. fluorescens (Moneke et al. 2010) . Both strains showed no growth inhibition when the glyphosate concentrations were further increased, indicating the ability of the isolates to tolerate up to 200 ppm of glyphosate. -13(19) strains. To examine the confidence of NJ tree, 1000 bootstrap replicates were used 3.5 Degradation rate of glyphosate at 50 ppm by strain AQ5-12 and AQ5-13 Figure 4 depicts the degradation rate of glyphosate at 50 ppm by strains AQ5-12 and AQ5-13. Strain AQ5-12 was seen to utilise 91% of glyphosate within 12 h of incubation time with the average growth 2.64 9 10 8 CFU/ mL (Fig. 4a) . Meanwhile, strains AQ5-13 presented a removal of 74% glyphosate within 12 h of incubation (Fig. 4b) . Compared to strain AQ5-13, strain AQ5-12 represented an increase of 17% degradation, which suggests that strain AQ5-12 can better utilise glyphosate than AQ5-13.
Effect of temperature on glyphosate degradation
by strain AQ5-12 and AQ5-13 Figure 5 displays the evolution of bacterial growth at different temperatures (20, 30, 40, and 50°C) . A significant increase in the degradation rate of strain AQ5-12 was noted at 30°C (Fig. 5a ). At the temperature of 50°C, no degradation rate or bacterial growth was reported. However, strain AQ5-12 showed better degradation rate at 20°C with 21.27% glyphosate removal at 12 h of incubation time compared to 40°C, which resulted in 12.6% glyphosate removal from the culture media. This further indicates that both strains are mesophilic in nature and are capable of growing at a slightly colder and hotter environment (Tiago et al. 2004 ). For strain AQ5-13, 30°C was observed to be the most optimum temperature for degradation as it allows the removal of 88% glyphosate from the culture media (Fig. 5b) . At 40°C, AQ5-13 was able to remove more glyphosate from media than at 20°C. Both strains showed no degradation rate at 50°C (Fig. 5) .
3.7 Effect of pH on glyphosate degradation by strain AQ5-12 and AQ5-13
The effect of pH on the growth of AQ5-12 and AQ5-13 is shown in Fig. 6a, b . In general, the growth of both strains was greater in slightly acidic medium ranging from pH 6 to 7 over 60 h. When the initial pH was higher than 7, the degradation rate of both strains gradually decreased. Uniquely, slightly acidic pH is favourable for glyphosate degradation by both Burkholderia vietnamiensis and Burkholderia sp. This can be also explained by introducing glyphosate into the culture media during the acclimation process that can result in an acidic condition, thus making the microbes to be able to acclimatise to this condition, which resulted in a better degradation process in the acidic environment compared to alkaline condition. However, inadequate literature is available on glyphosate-degrading bacteria favouring acidic condition as most glyphosatedegraders prefer neutral-alkaline pH for optimum degradation rate (Singh and Walker 2006) .
Conclusion
This study is the first report on the isolation and characterisation of soil bacterial strains of Burkholderia vietnamiensis and Burkholderia sp. from glyphosatecontaminated agricultural land in Malaysia that possesses the capacity to degrade glyphosate. In addition, this work adds new degrading strains to the list of glyphosate-degrading bacterium. On top of that, this study also provides vital information on the optimisation of critical parameters in culture conditions to enhance glyphosate degradation by both Burkholderia vietnamiensis and Burkholderia sp. 
